Osseointegrated prosthesis is essentially a prosthetic fixture surgically implanted into the bone that extends out of the limb so that an artificial limb can be attached. While osseointegrated prostheses can dramatically improve the quality of life of amputees, there remains a lack of quantitative evidence of the osseointegration process that occurs at the boneprosthesis surface after surgery. This study advances a sensing strategy that employs piezoelectric elements mounted to the percutaneous end of the prosthesis to generate guided waves that propagate along the length of the prosthesis fixture. The properties of the guided waves exhibit sensitivity to both the degree of bone healing that occurs at the prosthesis surface and the movement of the prosthesis due to loss of osseointegration. Use of the prosthesis as a wave guide offers care providers a quantitative approach to determining when an osseointegrated prosthesis can be loaded and tracks the integrity of osseointegration over the lifespan of the amputee. The study validates the proposed guided wave strategy using a prosthesis model consisting of a solid titanium rod implanted in an adult femoral bone. First, a highfidelity finite element model is created to study changes in guided waves as a result of bone healing. A laboratory model is also adopted using a synthetic femoral bone identical to that modeled in the finite element model. The energy of the first longitudinal wave mode introduced at the percutaneous end of the prosthesis provides a repeatable metric for accurate assessment of both osseointegration and prosthesis pullout from the bone. The results of this study reveal that the energy of the longitudinal wave mode decreases by nearly half during the osseointegration healing process. In addition, the wave energy is also found to increase as the osseointegrated fixture loosens and is withdrawn from the bone.
Introduction
Traumatic limb loss affects approximately 2 million individuals in the United States. 1 Prosthetic limbs offer an improvement in the quality of life of amputees. The dominant prosthesis design today is the socket prosthesis which consists of a socket that attaches to the residual arm or leg with the artificial limb (and joint) attached to the socket body. While tremendous advances have been made in the comfort and performance of socket prostheses, some drawbacks remain. Specifically, socket prostheses can be uncomfortable under continued use, the fit of the prosthesis can change with time, and the skin of the residual limb can experience chaffing and the development of soars at the socket surface. 2 Also, socket prostheses may not be an option for extremely short residual limbs and when the residual limb is severely wounded and deformed (as can be the case with veterans who have lost a limb due to an explosive device).
An alternative prosthetic solution is the osseointegrated prosthesis which is surgically implanted into the bone of the residual limb. 3, 4 The prosthesis consists of a metallic rod or a structural anchor that is surgically inserted into the bone of the limb with the prosthesis exposed through the skin and an artificial limb is attached to a protruding taper adapter (Figure 1 ). on the success of dental implants which are osseointegrated into the jaw bone. 7, 8 Three osseointegrated prosthetic designs exist in the market including 9 screwshaped titanium prostheses (e.g. OPRA marketed by Integrum) , press-fit chrome-cobalt-molybdenum alloy or titanium prostheses (e.g. those marketed by Eska/ OrthoDynamics/Permedica), and compression titanium prostheses (e.g. marketed by Zimmer-Biomet). The OPRA and press-fit devices are the most common osseointegrated designs and consist of solid rod fixtures that are surgically implanted into the host bone. While osseointegrated prostheses eliminate many of the drawbacks of socket prostheses, they have their own limitations. First, there is a lack of quantitative methods that can ascertain when an osseointegrated prosthesis can be loaded. Rehabilitation protocols that govern when an osseointegrated prosthesis can be loaded is based on doctor judgment. Additional limitations include the following: (1) long-term risk exposure of tissue and bone to infections due to biofilms entering the limb via the prosthesis and (2) bone fracture during the life of the prosthesis. There is a growing need to monitor the integration and long-term performance of osseointegrated prostheses in order to accurately identify when a prosthesis can be loaded. Monitoring can also help identify issues such as loosening of the prosthesis fixture and fracture in the host bone over time. Currently, clinical evaluation of osseointegration is based on X-ray imaging. The method is qualitative due to doctor interpretation of X-ray images; patients are also exposed to radiation. 10, 11 In addition, X-ray techniques cannot be used to measure the bone interface because of diffraction effects due to the presence of titanium. 12, 13 Structural health monitoring (SHM) technologies have the potential to offer doctors a quantitative approach to monitoring osseointegrated prostheses including assessment of bone healing post surgery and damage to the bone during long-term prosthesis use. Of specific interest is the assessment of the bone-prosthesis interface where osseointegration occurs because this interface is where load transfer occurs from the prosthesis to the skeletal system. While sensors could be explored for implantation in the body, such a strategy would be challenged by issues such as biocompatibility of the sensor, the cost of sensor placement, and the long-term survivability of the sensor itself. An alternative strategy is to adopt sensors that reside outside of the body, thereby eliminating biocompatibility concerns and lessening the regulatory review process. Guided wave methods are an ideal candidate because sensors can be installed outside the body, but the prosthesis can be leveraged as a wave guide where guided waves can interrogate the bone-prosthesis interface. 14 The SHM research community has only recently begun to explore SHM strategies for the monitoring of healing in orthopedic systems. Wong et al. 15 proposed the use of traditional modal analysis methods to track the healing of fractures in pelvis bones using mechanical transfer functions identified between fixator supports. Similarly, Ribolla and Rizzo 16 propose the use of electromechanical impedance techniques for the assessment of the osseointegration of dental implants using piezoelectric elements installed on the implant. Similarly, Vayron et al. 17, 18 assess the stability of dental implants using quantitative ultrasound methods. In their study, three-dimensional (3D) numerical simulation is used to investigate ultrasonic wave propagation occurring in an implant with echographic responses used to assess bone healing and implant stability. Pastrav et al. 19 adopt in vivo vibration methods to assess dental implant stability and fracture healing, and to quantify the mechanical properties of bone. Whitwell et al. 20 propose audible pitch change as a reliable indicator of seated implants in uncemented hip arthroplasties. Finally, Vayron et al. 13 present ultrasonic techniques experimentally verified to quantitatively assess the amount of bone in contact with dental implants.
In this study, a guided wave strategy is proposed to quantitatively assess the osseointegration of osseointegrated prostheses over their complete lifespan using wearable monitoring systems. To generate guided waves in the prosthesis, piezoelectric wafers are proposed for installation on the surface of the percutaneous end of the osseointegrated prosthesis. The study focuses on the use of the energy content of the fundamental longitudinal wave mode that is introduced in the prosthesis using an array of d 31 -type piezoelectric wafers installed on the prosthesis circumference to track osseointegration at the bone-prosthesis interface. During osseointegration, the bone grows into the porous surface of the prosthesis with bone density and elastic modulus increasing simultaneously; these changes result in increased energy absorption of the guided waves. The study also explores the use of the energy content of the fundamental longitudinal wave mode to assess cases of loosening and pullout of the prosthesis that can be associated with bone infections and fractures. To enhance the accuracy of the guided wave method, the study reported in this article contributes a method of optimizing the sizing of the piezoelectric wafers used to excite the longitudinal wave mode in a solid cylindrical prosthesis fixture using the theory of guided waves. The study verifies the efficacy of the guided wave method to assess osseointegration using both numerical simulation and experimental validation methods. A synthetic femoral bone with a titanium rod serving as the prosthesis fixture is adopted for numerical and experimental modeling.
Guided wave theory
The proposed approach to monitoring the healing and long-term performance of osseointegrated prostheses consists of piezoelectric wafer elements bonded to the surface of the percutaneous end of the prosthesis (Figure 1 ). The elastic stress waves generated in the prosthesis fixture will propagate along the longitudinal axis of the prosthesis. 14 The strategy of exploiting the prosthesis as a wave guide is attractive because it effectively allows sensors outside of the human body to interrogate the properties of the bone-prosthesis interface where osseointegration will occur after placement of the prosthesis. It also provides a method of tracking the long-term performance of the interface to detect issues such as loosening of the prosthesis attributed to bone infection and fracture of the host bone. In this study, a solid titanium rod with a radial dimension equivalent to the OPRA and press-fit prostheses is adopted for the study of guided wave methods for monitoring osseointegration in femoral bones.
Consider now an elastic, isotropic solid rod defined in cylindrical coordinates (where r, z, and u are the radial, longitudinal, and angular coordinates, respectively) as shown in Figure 2 (a). Waves in an elastic, isotropic body with no body forces applied can be analytically expressed by Navier equations in cylindrical coordinates. [21] [22] [23] Navier equations are often simplified to describe displacements in a body, u, as a sum of a dilational scalar potential, F, and an equivoluminal vector potential field, H. In the case of a solid rod, the boundary at the rod surface (r = R) is assumed to be traction free where the state of stress is stated as s rr = s ru = s rz = 0. Fundamentally, the scalar potential field F and vector potential field H satisfy the following wave equations 22, 23 
where r 2 is the 3D Laplace operator, c P = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi l + 2m=r p and c S = ffiffiffiffiffiffiffiffi ffi m=r p are the pressure and shear wave velocities in the medium (which are 6070 and 3310 m/s for titanium, respectively), t is the time, r is the material density, m is the material shear modulus, l is the material Lame´constant, H r , H u , and H z are the components of vector potential function H in cylindrical coordinates, and e The components of the scalar and vector fields in equations (1) and (2) 
where
, n is the wave order (which is an integer value of zero or greater), J n are Bessel's functions of the first kind, j is the wavenumber, v is the angular frequency, and A, B, and C are constants. Substituting the components stated in equations (3) to (6) into equations (1) and (2), the displacement field can be stated as 22, 23 
The general displacement field in the rod can be decomposed into three harmonic wave modes: longitudinal modes, L(0, m), which exist when u u vanishes, torsional modes, T (0, m), which exist when u r and u z both vanish, and flexural modes, F(n, m), which consist of all three displacement components, where the mode order is defined by n and the mode number is defined by integer values of m. 24 The longitudinal and torsional modes are axially symmetric, while the flexural modes are nonaxisymmetric. 21, 22 The generation of different guided wave modes depends on the piezoelectric element type used, spatial configuration of the piezoelectric element, and the nature of the excitation signal. Guided waves in a rod exhibit velocity dispersion (except for the lowest order torsional mode) which means that the propagation velocity of the mode varies with the excitation frequency. In this study, a prosthetic fixture implanted in bone will be a titanium rod with a 15.9 mm diameter (the material properties for titanium considered herein are as follows: elastic modulus (E) of 110 GPa, density (r) of 4330 kg/m 3 , and Poisson's ratio (n) of 0.30). Figure 2 (b) presents the theoretical group velocities of the various wave modes in a 15.9-mm-diameter titanium rod. 22 The vertical lines in the figure are cutoff frequencies representing the point where higher order modes are generated for each of the three mode types.
Materials and methods

Experimental osseointegrated prosthesis-bone model
A synthetic bone model is adopted in this study to explore how osseointegration at the bone-prosthesis interface affects the fundamental longitudinal wave mode in a prosthesis fixture. A synthetic femoral bone is acquired from Sawbones Worldwide (Model 3406-5) to serve as a host to a titanium rod serving as a prosthesis fixture. The femoral sawbone is manufactured from a solid rigid polyurethane foam material (with a density of 1600 kg/m 3 ). Sawbones are a popular alternative to human cadaver bone for biomechanics research given the degree of mechanical realism the synthetic bone provides. To ensure realism in the experimental study, the density of the synthetic sawbone was selected to ensure that the bone has an acoustic impedance (5.66 3 10 6 kg/m 2 s) similar to that of human femoral bones (6 3 10 6 kg/m 2 s). [25] [26] [27] The bone is cut in half to have a length of 25 cm and its interior is reamed to provide a snug fit for a 15.9-mm-diameter titanium rod implanted to a depth of 2.54 cm.
A solid isotropic (Grade 5) titanium rod with a diameter of 15.9 mm and a length of 15.60 cm is selected as the prosthesis fixture and machined to allow eight lead zirconate titanate (PZT) wafers (PSI-5A4E; Piezo Systems) to be attached. The PZT wafers are 0.508 mm thick and cut from larger wafers to be 12 mm long and 4 mm wide (sizing of the wafers will be discussed later). Piezoelectric sensors are placed on the side of the rod instead of at its end because the end of the prosthesis will have a complex joint with an artificial limb attached. Placement on the side also allows for potential replacement of the PZT wafers with time and offers opportunity to generate different wave modes (longitudinal, torsional, and flexural modes) in the prosthesis. 28 The rod is machined to provide perfectly flat surfaces 12.2 mm long and 4 mm wide at the quarter points of the rod circumference at two circumference locations. The two circumferential arrays are centered 76.2 and 50.8 mm from the rod's percutaneous end. The PZT wafers are bonded to the rod surface using standard cyanoacrylate glue. The rod with PZT elements bonded can be implanted into the sawbone to the full machined depth (2.54 cm) as shown in Figure 3 . To excite the longitudinal wave mode in the rod, the first array of PZT elements is excited with a three-cycle tone burst waveform, the center frequency of which is 100 kHz. By exciting all four elements of the PZT array, only the longitudinal wave mode will be generated. The second array of PZT elements will be used to measure the time history of the longitudinal wave propagating along the length of the prosthesis fixture.
In order to introduce the desired fundamental longitudinal wave into the titanium rod, a three-cycle Hanning window tone burst signal is employed as the excitation signal
where A w is the wave amplitude, H(t) is the Heaviside function, and N c = 3 and f c are the cycle numbers and the center frequency of the excitation signal, respectively. The center frequency is selected to ensure that higher order modes are not introduced (see the dispersion curve in Figure 2 (b)) and to maximize the strain field based on the size of the PZT element (as will be discussed later).
Numerical osseointegrated prosthesis-bone model
A finite element (FE) model is first created to numerically simulate the waves generated in the prosthesis and the mechanical interaction between the bone and the prosthesis fixture during wave propagation in the prosthesis. The FE modeling platform ABAQUS (Dassault Syste`mes) is adopted to model the femur sawbonetitanium rod osseointegration model. To accurately model the complex 3D geometry of the femur, laser scanning and photogrammetry are utilized to acquire a precise digital mapping of the femur surface geometry (Figure 4) . The NextEngine 3D scanner is used to capture the femur sawbone surface using lasers generating 3D point clouds and cameras mapping RGB values to the surface topology points. Using an automated turntable, a full 360°scan of the femur was conducted. The turntable rotates to 10 positions (poses) and four laser beams are used to scan the surface topology at each pose. The laser scanner provides a comprehensive point cloud with a density of 150 sample points per inch. NextEngine Studio is used to align the point clouds generated by the various poses to generate 1635 curved surfaces that constitute the complete femur. The curved surfaces are then merged to form one complete solid model using Creo 4.0. The meshed solid model of the femur is then imported to ABAQUS for analysis.
The ABAQUS model (Figure 3(b) ) is divided into five geometric parts: bone, titanium rod, PZT element, bone tissue at the prosthesis surface, and bond layer between the PZT and prosthesis. The use of numerical platforms such as ABAQUS (or any other FE package) to model wave mechanics requires an appropriate selection of mesh size and time increment. Both are highly dependent on the frequency and wavelength of the wave modes. First, the time step size must be sufficient to accurately capture the propagating waveform with enough samples to unambiguously represent the waves. In effect, this means that the sampling frequency must exceed, at a minimum, two times the highest wave frequency of interest but standard practice is to sample five or more times the highest frequency of interest. Second, the element size (spatial domain) must be small enough to accurately capture the wavelength of the wave field. In general, the element size must be a small fraction of the smallest wavelengths anticipated. 29, 30 The titanium rod is isotropic and modeled with the following mechanical properties: elastic modulus E tit = 110 GPa, density r tit = 4330 kg/m 3 , and Poisson's ratio n tit = 0.30. 16 The rod is meshed using C3D20R (20-node, quadratic brick) solid elements. For the guided wave in the rod, using a 100-kHz excitation signal, the wavelengths of the first longitudinal, torsional, and flexural modes are calculated as l L = 47:64 mm, l T = 32:3 mm, and l F = 33:1 mm, respectively. The feature size of the solid element is selected to be 1 mm resulting in more than 30 nodes per wavelength and a total of 36,480 elements for the titanium rod.
The femoral bone is meshed using a 10-node, quadratic tetrahedral element (C3D10) with a feature size of Table 1 are used for the femoral bone properties with orientation defined in the cylindrical coordinate system. 31, 32 It is noted that the values in Table 1 are the modified values of density, elastic modulus, and Poisson's ratio of the bone based on model updating using the experimental results, instead of the initial range provided by the manufacturers and previous studies. 31, 32 A cavity is created in ABAQUS to define the interior surface of the femur. A varying element size strategy is taken for the femoral bone to reduce computational cost.
The 20-node, quadratic piezoelectric brick elements (C3D20RE) are used for the PZT elements with 12 3 4 mm 2 area and 0.504 mm thickness. The density of PZT is 7500 kg/m 3 . The piezoelectric properties are obtained from the piezoelectric manufacturer (Piezo Systems) and imported in ABAQUS format (Tables 2  and 3 ). The grid is 1 mm in length and width with four elements in the thickness direction for the PZT wafer, which results in 192 elements per PZT element. The bottom surface (at the rod surface) of each PZT element is grounded with zero electric potential and the top surface is excited by a surface charge related to the excitation signal.
The bond layer is a 0.1-mm-thick cyanoacrylate glue between the PZT and prosthesis. The size of the bond layer is 12.2 3 4 3 0.1 mm 3 with the density of 1250 kg/m 3 and the elastic modulus of 3.5 GPa. C3D20R (20-node, quadratic brick) solid elements are used to mesh the bond layer. The constraint type ''Tie'' is created between the PZT bottom surface (master surface) and the bond layer's top surface (slave surface). Similarly, another tie constraint pair is created between the bond bottom layer (master surface) and the surface of the titanium rod (slave surface) to transfer the force from the PZT element to the surface of the prosthesis.
A total of 6095 quadratic tetrahedral elements (C3D10) are employed to model interfacial bone tissue existing between the prosthetic implant and the femoral bone. The material properties of this layer are based on the femoral bone properties, while all are set as variables to simulate osseointegration. The bone surface tissue is selected to be a 2.3-mm layer tied to both the titanium rod and the bone's cylindrical cavity as constraints. The thickness of this connective bone layer is based on the minimum bone cover needed for the OPRA implants (2 mm). 33 The constraint pairs are the titanium to tissue's internal surface (master-to-slave surface pair, respectively) and the tissue's outer surface to bone's internal cavity (master-to-slave surface pair, respectively).
Three-cycle tone burst signals with the center frequencies of 100 kHz are applied simultaneously to the four PZT actuators on the same circumference. The time step in ABAQUS/Implicit is chosen as 0.2 ms based on the previous discussion. The numerical model has been validated and updated based on the experimental results, which will be presented in the next section.
Results
Optimized wave generation using piezoelectric elements
To monitor osseointegration occuring at a boneprosthesis interface, guided waves are generated at the percutanous end of the prosthesis fixture. These waves will radiate along the longitudinal axis (z) of the prosthesis and reflect at the fixture ends. The guided waves will interact with the bone and soft tissue at the surface of the rod resulting in an absorption of wave energy. The measured energy in the wave signal as a function of time will be directly dependent of the interface between the solid prosthesis and the bone. Hence, changes in the bone-prosthesis interface such as bone attachment and growth into the porous surface of the prosthesis (i.e. osseointegration) will increase the absorbed wave energy at the interface. In this study, the energy content of guided wave modes is considered as a quantitative basis of assessing the mechanical properties of the prosthesis-bone interface.
Ideally, the wave mode introduced in the prosthesis wave guide should be easy to excite with piezoelectric wafer elements mounted on the fixture surface. Furthermore, it should have a high signal-to-noise ratio (SNR) for accurate wave acquisition using piezoelectric wafer elements mounted on the fixture surface. The fundamental longitudinal mode (L(0, 1) ) selectively excited in the low-frequency spectrum (lower than the cutoff frequency for the second flexural mode) is proposed because at low frequencies the fundamental longitudinal mode dominates, thereby simplifying the wave field and reducing coherent noise from higher modes. While flexural and torsional modes can exist at these lower frequency bands (as shown in the dispersion curve of a titanium rod in Figure 2(b) ), the piezoelectric actuation strategy will ensure that longitudinal modes are selectively generated. To generate the desired fundamental longitudinal wave field, a d 31 -type piezoelectric wafer array (made from PZT ceramic wafers) will be installed on the circumference of the prosthesis rod with all elements of the array excited by the same electrical signal. Each piezoelectric element is defined by length, l, width, w, and thickness, y. Four elements are proposed to be mounted to the quarter points of the circumference of the prosthesis fixture to serve as actuator and sensor arrays that generate and sense the longitudinal wave, respectively. The piezoelectric wafer dimensions and signal frequency must be optimized to ensure that guided wave modes have large strain fields; this ensures a high SNR for the waves measured in the prosthesis.
The compatibility established between a piezoelectric wafer and host structure is achieved through interfacial shear stress t(z, t). 34 In the case of ideal bonding (no shear lag across the piezoelectric wafer-structure interface), the shear stress induced in the structure can be modeled using the simplified pin-force model where the shear exists only at the wafer boundaries. 35 Thus, the shear stress along the longitudinal axis that is induced by the piezoelectric wafer, t(z, t), in harmonic excitation can be expressed as
where a is the half-length of the piezoelectric wafer, at 0 is the pin force magnitude applied at the end of the piezoelectric wafer, d(Á) is the Dirac function in space (in this case, applied at the ends of the 2a-long wafer), v is the excitation frequency, and t is the time. Here, the harmonic component is generalized to e ivt , but later only the real component of the solution will be of interest.
Similar to Lamb wave tuning in thin plates by Giurgiutiu, 35 this study tunes the piezoelectric size to maximize the amplitudes of the strain fields associated with the fundamental longitudinal wave in a solid titanium rod with 15.9 mm diameter. To simplify the analysis, it is performed in the wavenumber (j) domain by applying the Fourier transform to the functions defined in the space (z) domaiñ
The expressions for the scalar and vector fields (equations (1) and (2)), the assumed form of the field components (equations (3) to (6)), the displacement fields (equations (7) to (9)), and the stress fields can be transformed to the wavenumber domain using equation (12) . However, a new boundary condition is applied to reflect the harmonic wave generation at the piezoelectric surface where r = R. Specifically, for the fundamental longitudinal mode (n = 0), the boundary conditions in the wavenumber domain at the piezoelectric wafer can be specified as
wheres rz j r = R is essentially the pin-force shear model transformed to the wavenumber domain. As illustrated in Appendix 1, the solution for the zcomponent of the wave field displacement, as defined in the wavenumber domain, is
whereF,H r ,H u , andH z are the components of the scalar and vector fields in equations (3) to (6) in the wavenumber domain via the Fourier transform (equation (12)). The displacement in the physical domain could be obtained by applying the residue theorem in the evaluation of the integral of the inverse Fourier transform via the sum of residues
where L A , L B , and D 0 are the functions that depend on the excitation signal frequency and piezoelectric wafer dimensions as shown in Appendix 1. In summary, equation (15) indicates that the guided wave modes can be tuned in the rod via sin j L a. The maximum displacement magnitude occurs when j L a = (2n À 1)p=2 resulting in sin j L a = 1; consequently, a wave mode will not be excited when j L a = np. The guided wave mode tuning principles derived here for an active piezoelectric transducer apply equally well for a receiver (sensing) piezoelectric transducer. Thus, the amplitude of the induced wave mode will change with both the central frequency of the excitation signal that induces the wavelengths of the wave field and the length of the piezoelectric wafer. 35 The 15.9-mm-diameter titanium rod is now considered with rectangular PZT piezoelectric transducers bounded to the rod circumference. The PZT wafers are assumed to be 0.508 mm thick based on the piezoelectric wafers used later during experimental validation (hence, y = 0.508 mm). The rod is machined to offer a perfectly flat rectangular surface prior to bonding. This approach to preparing the rod for the piezoelectric wafers will control the width, w, of the wafer. To machine no deeper than 5% of the radius, R, the wafer width, w, is selected to satisfy the function g = tan À1 (w=2R)\18:2 8 (see Figure 5 (a)). Hence, for the 15.9-mm-diameter rod, this results in a maximum width of 4.95 mm. In this study, the width is selected to be w = 4 mm.
The tuning process to maximize the longitudinal wave field displacement described previously is used to select the wafer length, l. Two different wafer lengths are considered in this study: 4 and 12 mm. Considering Figure 5(b) , the normalized maximum surface displacement (equation (15)) is plotted for each wafer size considered in Figure 5(c) . While the previous tuning procedure considered only the fundamental longitudinal mode, similar tuning equations for the first flexural mode can also be derived. In the tuning process described herein, flexural modes are considered in addition to longitudinal modes to leave open the possibility of using flexural modes for osseointegration assessment in future studies. The same tuning curves are plotted in Figure 5 (c) for the flexural modes. There is a stark difference in the normalized amplitudes between 12 and 4 mm with the 12-mm-long wafer offering a much larger amplitude for both the first longitudinal and flexural modes; hence, 12-mm wafers will be selected in this study.
Next, the excitation frequency of the PZT wafer is considered. For the 15.9-mm-diameter titanium rod, the cutoff frequencies of the flexural, longitudinal, and torsional modes are 134.0, 231.6, and 345.6 kHz, respectively. To suppress higher order wave modes, the excitation frequency should be set to be below 134.0 kHz. Based on the tuning curve in Figure 5 (c), an excitation frequency of 100 kHz is selected because it provides nearly equal benefit to the longitudinal and flexural modes.
Numerical simulation of titanium rod in the host bone
A key element of the numerical model is the ability to assess changes in the longitudinal mode energy content as osseointegration occurs. A model of osseointegration associated with healing bone is established based on the experimental data provided by Manjubala et al. 36 Their study provides a detailed model of adult bone properties during healing including increases in bone density (r) and elastic modulus (E). Their study also reveals the random nature of bone changes over a surface as healing occurs.
To investigate the effects of interfacial tissue on the acoustic impedance signature of the longitudinal wave mode in the prosthesis, the spatial distribution of changes in the bone elastic modulus and density is simulated by a macro scripted in Python for ABAQUS. The script randomly selects elements to form 10 groups with elements in each group to have specific elastic modulus and density values. The average elastic modulus and density of the bone tissue range from 1 kPa and 1 kg/m 3 (approximately 0% healing) to 16.0 GPa and 2000 kg/m 3 (i.e. 100% of the bone modulus and density under mature osseointegration), with increments of 3.2 GPa and 400 kg/m 3 (i.e. 20%), respectively. The elastic modulus and density of each group are defined as the average elastic modulus and density multiplied by a scaling factor. The scaling factor ranges from 0.98 to 1.02 with a unique scaling factor assigned to each group. A full osseointegration is defined as when the average elastic modulus and density of the bone surface tissue reach the mature femoral bone properties shown in Table 1 . Thus, the degree of osseointegration of each stage is on average 0%, 20%, 40%, 60%, 80%, and 100% 6 2%. The osseointegrated model is simulated by ABAQUS/Implicit. The fundamental longitudinal mode (L(0, 1)) of guided waves propagating in the titanium rod is received by the sensor array and transferred to the electric potential waveform as shown in Figure 6 (b). The energy of the waveform E s is calculated according to
where s i is the amplitude of the signal and N is the number of sampled points in the acquired signal (in this study, N = 500, which means that the first 100 ms of the waveform will be taken into account). Figure 6 (c) presents the energy of the first 100-ms waveform which changes with the various degrees of osseointegration of the bone tissue under the interrogator of the fundamental longitudinal guided wave. The numerical results establish a clear trend that the amplitude and energy of the L(0, 1) wave in the prosthesis rod decreases with the degree of bone tissue osseointegration. Both the waveforms and the decreasing energy trend will be validated by experimental testing in the laboratory in the next section.
Experimental validation
As described in the former section, the titanium rod with PZT elements bonded is implanted in an actual sawbone to mimic the osseointegrated prosthesis in an adult femur in the laboratory. A National Instruments (NI) 8101 chassis with PXIe-6124 and PXIe-6361 data acquisition cards (DACs) installed is employed to be the target controller to execute the wave generation and wave sensing process. Two DACs offer four output channels and four input channels for the actuators and sensors, respectively, with a maximum sampling frequency of 1 MHz. The entire data acquisition process was driven by a user interface coded in LabVIEW.
A PC with LabVIEW is utilized to be the master controller carrying out all the commands, transferring and storing the experimental data, analyzing the waveform response, and evaluating the performance of the prosthesis. All the captured waveforms are transferred from the NI chassis to the remote PC in real time. Another user-friendly interface is created to run under LabVIEW to visualize and analyze changes in the wave energy correlated to both the degree of integration and the looseness of the prosthesis in the bone.
For the experimental validation of osseointegration in a femoral bone, a 30-min epoxy with a fully cured density of 1550 kg/m 3 and an elastic modulus of 3.5 GPa was applied to the bone-prosthesis interface to mimic the postoperative healing process by offering increasing elastic modulus and density. Repeated L(0, 1) mode guided waves are generated and converted to a scalar metric through the signal energy using equation (16) . While the cured density is nearly identical to the sawbone density, the epoxy modulus is slightly greater than half that of the bone but in this case the epoxy curing is only intended to show sensitivity. Clearly, had the epoxy cured to have a modulus closer to that of the bone, the change in acoustic impedance would be even more dramatic making the change in signal energy even more pronounced. After defining the rod geometry and locations of the PZT elements in ABAQUS, the density, elastic modulus, and Poisson's ratio of the titanium rod and the femur sawbone (which are the most important acoustic medium parameters) are selected as the parameters to be updated in the model. Model updating is performed to achieve a good fit between the experimental and simulation waveforms. 37 The density and elastic modulus describe the absolute value of acoustic impedance of the bone and the rod, which result in the change of wave amplitude. 21, 22 In addition, the elastic modulus and Poisson's ratio are adjusted to reconcile the waveform with physical measurements including crest, trough, and phase. It is noted that all the material properties shown in the previous section (Table 1) are updated values based on the experimental results. It is noted that the signal amplitude or energy is a continuous function of the density and elastic modulus of the bone tissue. Thus, the comparisons of the numerical and experimental results for 0% and 100% degree of osseointegration are enough for model updating. After the FE model updating, the waveform captured by the sensor before the osseointegration experiment has a good agreement with the 0% degree of osseointegration simulated by ABAQUS as demonstrated in Figure 7(a) . Meanwhile, the simulated waveform with 100% osseointegration of the bone tissue is fitted well into the measurement when the epoxy is fully solidified after 30 minutes (Figure 7(b) ).
Gaussian process regression (GPR) 38, 39 is used to analyze the relationship between the energy of the longitudinal wave mode and the degree of osseointegration. The purpose of GPR is to model a relationship between wave energy and osseointegration based on the experimental results. Two tests were carried out with a GPR model fit to each experimental result as shown in Figure 8 (a) and (b). The energy of the received wave decreases with osseointegration at the first 30 minutes. After the epoxy solidifies, the energy reached a stable stage representing the healthy state of the osseointegrated prosthesis. The general standard deviation values in the experiments range from 1.76% to 1.79% of the normalized energy. It is also worth mentioning that the two GPR models are very similar underscoring the repeatability of the approach.
Next, considering the fact that 5%-7% of implants have to be removed because of loosening of the prosthesis, fixture loosening and pullout are experimentally modeled for long-term monitoring research.
6,33 Figure  9 shows the experimental set-up of penetration depth (i.e. pullout) testing. The femur sawbone is clamped on a rigid structure. Clay is employed to simulate the interfacial tissue between the prosthesis and the bone. The prosthesis fixture is slowly pulled out of the bone using an actuator. Toward this end, the prosthetic titanium rod is connected to a horizontal turn screw motor ( Figure 9 ). The motor is loaded in a quasi-static fashion with increasing displacement controlled by LabVIEW. Two linear variable displacement transducers (LVDTs) and one load cell were employed to monitor both the displacement and force of the pullout maneuver. Figure 10 shows the energy of the longitudinal guided waves received by the sensor array as a function of the pullout displacement. Two stages are observed. First, the pullout force begins to relax the pressure of the rod on the bone at the flat circular surface of the rod. This stage continues until the pressure on the bone at this surface vanishes. In the second stage, the rod is moving out of the bone effectively sliding along the bone's inner cavity. Two LVDTs are used to measure the displacement of the rod to the actuator and the bone relative to the actuator. To ease the readability of the experimental results, the energy is demonstrated in two separate ranges. In the first stage, the wave energy significantly increases at the beginning of the separation of the rod and the bone, thereby relaxing pressure on the contact surface of the rod. After the initial detachment, the energy slowly increases due to the pullout, which changes with the penetration depth. Figure  10 
Conclusion and discussion
In this article, guided waves are proposed as a tool to predict the degree of osseointegration of boneprosthesis implants after surgery for clinical decision making (e.g. when can an osseointegrated prosthesis be loaded?). This active sensing strategy is conducted from outside the limb on the percutaneous extension of the prostheses and utilizes piezoelectric wafers to introduce the guided wave into the prosthesis fixture. Reflected guided (longitudinal) waves are employed to assess the degree of osseointegration and loosening of the prosthesis based on a scalar energy metric. The functionality of the guided wave sensing strategy is validated in the laboratory on models consisting of titanium femoral stems implanted in synthetic sawbones. Fundamental longitudinal waves are introduced into the prosthesis rod to interrogate the prosthesis-bone interface. An important contribution of the study is the theory of tuning guided waves in solid cylindrical rods with ideal bonding of a PZT wafer. The optimization of the length of the PZT and the excitation frequency is achieved based on the tuned curve of longitudinal waves to enhance the accuracy of the proposed technique.
The sensing strategy is also numerically simulated to estimate the degree of osseointegration after surgical placement. 3D laser scanning is utilized to provide a precise digital mapping of the femur sawbone geometry for a numerical model in ABAQUS. Osseointegration is mimicked by increasing the elastic modulus and density of the bone tissue at the prosthesis surface. The energy of the received guided waves decreases with the healing process as is validated by the numerical model. Full osseointegration results in approximately a 50% change in longitudinal wave energy. To verify the sensitivity of the longitudinal wave model to changes in an interface between the prosthesis and the bone, experiments were conducted with epoxy serving as a surrogate for bone healing. Again, the results confirmed the energy of the wave mode sensitive to changes in the interface. In addition, the separation of the prosthesis from the bone was also studied via pullout experiments, the results of which show that the wave energy increases significantly with pullout. Hence, the proposed strategy is sensitive and selective to both osseointegration and prosthesis loosening. These results demonstrate the great potential of guided waves for clinical evaluation of the boneprosthesis interface.
The proposed technique also has a number of limitations requiring additional study. While the numerical simulations properly simulate bone healing that occurs during osseointegration, the experimental approach to validation using epoxy is not a perfect approach to simulating osseointegration. As a result, preclinical and clinical studies must be carried out with natural bone healing occurring under realistic conditions. Furthermore, additional failure modes in the prosthesis must be considered. For example, the approach proposed in this study would be powerless to detecting bone infections which is a major issue of osseointegrated prostheses. In addition, the result of wave energy provides no spatial information from the interface. Future work will more extensively explore the sensitivity of various wave modes (e.g. flexural mode) for monitoring the formation of bone callous at the fixture location and potential failure states (e.g. bone fracture) of the host bone. Also, more representative prosthesis fixtures will be studied (including their roughness) with piezoelectric actuator and sensor locations optimized specific to the prosthesis geometries. Meanwhile, electrical impedance methods are being explored as another approach to the interrogation of osseointegrated prostheses.
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The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article. For the fundamental longitudinal mode n = 0, the boundary conditions are shown in equation (13) . Consider equations (23) to (25) with the boundary condition equation (13) 
Thus, applying the inverse Fourier transform and recurrence relationship associated with first order Bessel functions: x d=dxðJ n ðxÞÞ þ nJ n ðxÞ ¼ xJ ðnÀ1Þ ðxÞ to equation (22) The integrant in equation (32) is singular at the roots of D 0 = 0, which is exactly the frequency equation for the longitudinal wave. It accepts the real roots, 6j L , corresponding to the forward-and backward-propagating longitudinal waves. The evaluation of the integral in equation (32) can be done by the residue theorem, which yields the integral by the sum of the residues
Similar solutions can be obtained for the fundamental torsional and flexural modes.
